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Corn wet-milling produces starch for the food, pharmaceutical, paper, chemical, textile, cosmetic, and energy industries. The corn wet-milling industry has increased production from 3.8 million metric tons (149 million bushels) during 1957 -1959 (Moore and Dwoskin 1970 to 43.2 million metric tons (1,700 million bushels) during 1996 (Anonymous 1997 .
Conventional corn wet-milling, which uses sulfur dioxide (SO 2 ), is capital-and energy-intensive. Among the steps in conventional wet-milling, steeping and steepwater evaporation are the most costly. It is estimated that these two operations use 21% of the total energy and capital (unpublished data). The great diversity of industrial starch applications has increased the demand for corn wet-milling products. However, the high capital and energy costs are barriers to new construction or production expansion.
Steeping, the most important step in conventional wet-milling, is a process during which SO 2 and water penetrate corn. The absorbed SO 2 cleaves the disulfide bonds in the protein matrix that encapsulates the starch granules (Watson 1984) , dispersing the protein matrix, and enhancing starch release (Watson and Sanders 1961) . Because the pericarp creates a barrier to the diffusion of water and SO 2 (Syarief et al 1987 , Eckhoff and Okos 1989 , Ruan et al 1992 , steeping for 24-40 hr at 50-52°C is required to achieve sufficient release of starch granules from the protein matrix. However, Watson and Sanders (1961) showed that starch could be released from the endosperm protein matrix in <2 hr when the pericarp layer was cut open.
Alkali has been used for removing pericarp by several researchers (Hansen 1949 , Weinecke 1962 , Morgan et al 1966 , Freeman and Watson 1969 , Blessin et al 1970 , Mistry and Eckhoff 1992a . Alkali can also be used to extract starch from corn kernels and corn flour. In fact, alkali was used to separate starch from corn kernels before the SO 2 wet-milling process was developed (Bensing et al 1972) . The original alkali wet-milling process was not environmentally benign because residues and solubles, amounting to ≈40% of corn, were dumped into a river. Dimler et al (1944) used an alkali solution to extract starch from corn flour but obtained a relatively low starch yield (67% on a dry-flour basis, 75% extraction rate). Mistry et al (1992) steeped corn flour in 0.1% NaOH at 55°C for 30 min and obtained a 73.8% starch yield (dry flour basis). The protein and sodium contents of the starch were 0.19% and 889 ppm, respectively. Alkali can effectively extract starch from corn because glutelin, the major protein encapsulating the starch, is alkali soluble (Lasztity 1996) .
A previous study showed that starch obtained by alkali extraction from corn flour was different from commercial starch. The protein content of the alkali-extracted starch was higher or lower than that of commercial starch, depending on extraction conditions, including alkali concentration, temperature, and time (Mistry and Eckhoff 1992b) . The sodium content of alkali-extracted starch was higher than that of commercial starch. Alkali-extracted starch had a lower pasting temperature and higher viscosity after 15 min of holding at 95°C (Mistry and Eckhoff 1992b) . Alkali-extracted starch absorbed more water than the commercial starch at a given water activity (Mistry and Eckhoff 1992b) . The X-ray diffraction pattern, birefringence, morphology, and enzymatic hydrolysis characteristics of the starch extracted by alkali from corn flour were similar to those of the commercial starch (Mistry and Eckhoff 1992b) .
The objectives of this study were to: 1) set up an alkali wetmilling procedure to separate starch from whole corn kernels and to determine the need for each process step, and 2) compare the yields of the products from alkali wet-milling to products from conventional wet-milling.
MATERIALS AND METHODS

Materials
A yellow dent corn hybrid, FR1064 × LH59, was harvested during 1994 and dried with ambient air to ≈14% (wb) moisture content. Dried corn was divided into 100-g subsamples, sealed in plastic bags, and refrigerated until processed. The chemical composition of the corn was analyzed by near-infrared transmittance (GrainSpec, Foss Electric, Minneapolis, MN) by the Identity Preserved Grain Laboratory, Champaign, IL. Transmittance readings of 250 g were taken over a wavelength range of 800-1,100 nm.
Sodium hydroxide (NaOH, ≥97.0%, reagent-grade pellets) was used to prepare a 20% alkali solution by dissolving 80 g of NaOH in 400 mL of water. This solution was diluted with water to the desired concentration for soaking and steeping. Sodium meta-bisulfite and lactic acid (Fisher Scientific, Pittsburgh, PA) were used to prepare steep solutions for conventional wet-milling.
Alkali Wet-Milling Procedure
The initial laboratory procedure involved soaking 100-g samples of corn in 200 mL of 2% NaOH (pH 13) at 85°C for 5 min and then draining the solution, or soakwater (pH 13), into a graduated cylinder through a screened funnel. The total volume of soakwater was recorded, and three subsamples (25 mL each) were taken to determine the solids content. The soaked corn was debranned with an apparatus designed by Mistry and Eckhoff (1992a) with modifications that included the use of a different sieve size (a U.S. no. 5 sieve instead of a no. 4 sieve) and an increased brush rotating speed (350 rpm instead of 160 rpm). Additionally, the circulating pump was not used. The volume of water used for debranning was 750 mL. The pericarp, brushed off the soaked corn, was dewatered by passing it over a U.S. no. 100 sieve. The water (pH 12) was saved for germ washing. The dry weight of the dewatered pericarp and the solids content of the soakwater were measured by Approved Method 44-18, a two-stage convection oven method (AACC 1995) .
The debranned corn was cracked by using a smooth roll roller mill, 10 cm in diameter and 15 cm wide, as described by Watson (1969) with a gap setting of 2 mm, which was selected on the basis of a previous study (Du 1997) . The cracked corn was steeped dynamically for 1 hr in 200 mL of a 0.5% alkali solution (pH 13) at 45°C in a plastic bottle (4 L) equipped with an agitator. The cracked and steeped corn with associated water and 60 g of commercial starch (0.32% protein content, db) was ground for 3 min at 3,000 rpm in a Waring blender (model 33BL79, Waring Products Division, Dynamics Corporation of America, New Hartford, CT). Dulled blades were used, as described by Eckhoff et al (1996) . The purpose of adding starch was to float the germ, and the weight of the added starch was subtracted for the mass balance calculation. Germ was skimmed from the slurry by hand with a U.S. no. 10 screen, placed on a U.S. no. 7 sieve, and washed with the process water from the debranning procedure for 5 min on a sieve shaker (model PX-86, W. S. Tyler, Inc., Mento, OH). The germ was further washed with fresh water (500 mL), and the dry weight was measured according to Approved Method 44-18 (AACC 1995).
The degermed slurry was ground again in the blender at 8,300 rpm for 3 min, and then 500 mL of fresh water was used to clean the equipment. After the second grind, the slurry with the water from the germ washing was milled (Quaker City model 4E; The Straub Co., Warminister, PA). After milling, 500 mL of fresh water was used to wash the mill, and the water went with the finely ground slurry. The material then was sieved through a U.S. no. 200 sieve for 5 min as in the 100-g conventional wet-milling procedure (Eckhoff et al 1996) . The overs on the sieve (mainly fiber) were collected, and their dry weight was determined by Approved Method 44-18 (AACC 1995). The throughs (starch-gluten slurry) from the sieve were allowed to settle for 1 hr for decantation so that the specific gravity of the slurry was 1.040-1.045. The slurry was then pumped over an aluminum preweighed starch table (2.44 m × 5.08 cm) with a slope of 0.01404 cm/cm at a rate of 50 mL/min. The overflow from the table was then tabled a second time with the same slope. The tables were set overnight and weighed again to obtain the wet weight of starch. The starch was scraped off the tables, and its moisture content was determined by Approved Method 44-19 (AACC 1995) .
The total volume of overflow (gluten fraction) was recorded. Three subsamples (75 mL each) were taken, and the dry matter weight was determined by Approved Method 44-18 (AACC 1995). The sodium content of each fraction was determined by an analytical laboratory according to Method 969.23 (AOAC 1990) . The oil content of the germ was determined by Method G-10 (Corn Refiners Association 1984). The protein content of the starch and the starch content of the fiber were determined by Methods B-48 and G-28, respectively (Corn Refiners Association 1984).
Evaluation of the Need for Each Process Step in Alkali Wet-Milling
The need for each process step (steeping, debranning, cracking, second grinding, agitation, addition of commercial starch, and fine grinding) in alkali wet-milling was evaluated by eliminating one step at a time; the process with all steps included was used as the control. The alkali soaking step was included in all trials because of the difficulty of passing unsoaked corn kernels through a roller mill. The first grind also was included in all experiments because germ could not be released without some initial grinding. Two replicates were conducted for each of eight conditions, including the control. Duncan's multiple range test was conducted by using the Statistical Analysis System (SAS Institute, Cary, NC) to test for differences among the treatment conditions.
Comparison of Alkali and Conventional Wet-Milling Yields
Twenty replicates of corn were wet milled by the conventional laboratory procedure (Eckhoff et al 1996) with slight modification. The procedure outlined by Eckhoff et al (1996) separated germ and coarse fiber (pericarp) after the first grind, while the fine fiber was separated after the second grind. The industrial corn wet-milling process first separates the germ and later separates the pericarp together with the fine fiber and results in a single fiber fraction that contains both pericarp and fine fiber. To more closely simulate industrial wet-milling in this study, germ was separated by hand-skimming with a U.S. no. 10 screen after the first grind. The degermed material was then sent to a plate mill (Quaker City, model 4E). The pericarp and fine fiber were separated together after the second grind by using a U.S. no. 200 sieve.
For alkali wet-milling, the weight of NaOH in each product was subtracted from the final dry product weight because a significant amount of NaOH (5.9%, based on dry corn) was added during the process. The product yields from both conventional and alkali wet-milling were calculated on the basis of the original corn dry matter according to Approved Method 44-15A (AACC 1995). An analysis of variance was performed by using the Statistical Analysis System (SAS), with means and standard deviations reported.
RESULTS AND DISCUSSION
Alkali Wet-Milling
The moisture content of corn hybrid FR1064 × LH59 was 15.3%. The starch, protein, fiber, and fat contents were 70.4, 8.2, 2.5, and 4.5%, respectively. When alkali wet-milling was used, the starch yield was 67.8 ± 1.2%, which accounted for 96% of the starch initially 6.6 ± 1.3b 11.7 ± 0.7a 11.5 Starch 67.8 ± 1.2b 69.0 ± 0.6a 67.5 Gluten 15.3 ± 1.7a 11.3 ± 0.6b 5.8 Total 100.6 ± 1.8 99.6 ± 0.6 99.8 a n = 20, based on initial dry matter of corn, shown as yield ± 1 standard deviation. b Data from Anderson and Watson (1982) . c Yields in the same row followed by different letters are significantly different at a 95% confidence level. d For the alkali process, this fraction is fine fiber only. For the conventional process, it is pericarp and fine fiber. present. The germ yield was 5.9 ± 1.2%, and the gluten yield was 15.3 ± 1.7%. By debranning, a 3.2 ± 0.3% pericarp yield was obtained. The yield of fine fiber, mainly cell wall materials, was 6.6 ± 1.3% (Table I) . Approximately 92% of the sodium added was accounted for in the soakwater and gluten fraction (Table II) . Starch from the alkali process had a sodium content of 0.18%, which corresponded to 3.9% of the weight of sodium added to the system (Table II) , and a commercial dent corn starch had a sodium content of 0%. The major advantage of alkali wet-milling was that steep time was reduced to only 1 hr. However, the process generated a wastewater stream different from that of the conventional wet-milling process. The process changed the characteristics of the starch, as reported by Mistry and Eckhoff (1992b) , and may change the characteristics of the germ. Further studies are needed to determine the quality of the starch and the germ and the feasibility of recycling the alkali solution.
Evaluation of Each Process Step
Dynamic steeping was the most important step in the alkali process. Compared with the control sample, 21.9% of the starch was lost while 18.6% more fiber and 2.5% more germ were obtained without dynamic steeping (Table III) . The lower starch yield and higher fiber yield without steeping were attributed to incomplete disintegration of cell wall material and difficulty in grinding (Shandera et al 1995) . The higher germ yield in the absence of steeping was caused by reduced leaching of soluble materials and resulted in increased germ weight. This is in the agreement with the results from other studies in which short steep times with SO 2 were used (Singh 1994 , Lopes Filho 1995 .
Debranning and roller mill cracking were also important in the alkali process because they significantly improved starch yield by 7.4 and 8.7%, respectively (Table III) . The second grind and agitation during steeping also significantly increased starch yield (by 5.6 and 3.0%, respectively). However, fine grinding with the Quaker City mill did not significantly improve the starch yield. The process released enough starch to float the germ, so it was not necessary to add commercial starch (Table III) . The finalized laboratory alkali corn wet-milling procedure is shown in Fig. 1 .
Comparison of Alkali and Conventional Wet-Milling
Alkali wet-milling, with 1 hr of steeping, gave a statistically lower but practically acceptable starch yield (67.8 ± 1.2%) compared with that of conventional laboratory wet-milling (69.0 ± 0.6%) ( Table I ). The germ yield was 5.9 ± 1.2% for alkali wet-milling and 4.1 ± 0.8% for the conventional laboratory wet-milling procedure (Table I ). The gluten yield was 15.3 ± 1.7% from the alkali process and 11.3 ± 0.6% from the conventional laboratory process (Table I) . The higher gluten yield from alkali wet-milling might result from the fact that glutelin is alkali soluble, so the germ and fiber fraction contained less protein. The pericarp yield was 3.2 ± 0.3%, and fiber yield was 6.6 ± 1.3% (Table I ). The fiber fraction for the conventional process included both pericarp and fine fiber, while only fine fiber was included for alkali wet-milling. Typical starch, germ, and gluten yields from industry wet-milling were 67.5, 7.5, and 5.8%, respectively (Table I) . The standard deviation for each product of the 20 replicates for the alkali procedure was greater than that for conventional wet-milling (Table I) . This difference could result from factors such as the size and orientation of the kernels. Small corn kernels tended to pass through the roller mill without cracking, and some kernels may not have been cracked when they were in the longitudinal position as they passed through the roller mill. These factors had no effect on conventional wet-milling results. The total solids recoveries, based on the initial total dry corn solids, were 100.6 ± 1.8% for the alkali process and 99.8 ± 0.6% for the conventional process. The starch yield from the alkali procedure was 67.8 ± 1.2%, while that from the conventional process was 69.0 ± 0.6% (Table I ). The starch yield from the alkali process was, for practical purposes, comparable to that from the conventional process. The protein contents of the starch from the alkali process and from the conventional process were 0.24 and 0.34%, respectively (Table IV) .
Germ yields from the alkali process and the conventional process were 5.9 ± 1.2 and 4.1 ± 0.8%, respectively ( Table I ). The mean oil content of the germ recovered by the conventional process was 39.3 ± 0.6%, while that of the alkali process was 38.1 ± 0.6% (Table IV) . The high germ recovery and low oil content of germ from the alkali process was likely caused by the shorter steep time (1 hr), which resulted in the release of fewer solubles from the germ.
In the conventional process, the fiber fraction consisted of pericarp and cell wall material (fine fiber); the yield of this combined fiber fraction was 11.7 ± 0.7% (Table I ). In the alkali wet-milling process, pericarp was first removed by the debranning process; the yield was 2.5 ± 0.6%. Pericarp constitutes 5-6% of corn (Wolf et al 1952) , and the alkali wet-milling procedure recovered ≈60% of the pericarp in a separate fraction. Some of the pericarp was lost because it was solubilized in the soakwater. In alkali wet-milling, only fine fiber remained downstream after grinding; the yield of fine fiber was 6.6 ± 1.3% (Table I ). The fine fiber from the alkali process contained 38.2 ± 0.5% starch (Table IV) , which amounted to 3.6% of the total starch (dry basis) lost to the fine fiber fraction. The starch content of the fiber from the conventional process was 37.8 ± 0.2%, (Table IV) , which amounted to 6.3% of the total starch lost to the fiber fraction in the conventional process. Therefore, 2.7% less starch was lost to the fine fiber fraction by using the alkali process. However, this improved recovery of starch from the fiber fraction did not translate into a higher starch yield. Instead, a gluten yield of 15.3% was obtained from the alkali process compared with 11.3% from the conventional process (Table I) , indicating an undetermined loss of starch to the gluten fraction in the alkali process.
CONCLUSIONS
The alkali process can reduce the steep time to 1 hr, gives a starch yield practically comparable to that of the conventional process, and produces a coproduct (pericarp) for corn wet-milling. The unique steps involved in the process are alkali debranning, roller mill cracking, and dynamic steeping in a dilute alkali solution. After steeping, the corn can be processed by essentially the same procedure as that used in the conventional process.
The process produces a cleaner fiber fraction, which has less starch than that from the conventional wet-milling process. The wastewater stream is different from that of the conventional process. Future research is needed to determine the reason for the high gluten yield and to develop a method for recycling NaOH.
